INTRODUCTION {#SEC1}
============

Tight control of gene transcription is essential for proper embryonic development. Destabilization of gene regulatory networks in the embryo is a common cause of disease and teratogenesis. Several transcriptomic studies have shed light on the dynamics of embryonic gene expression in the Western Clawed frog Xenopus tropicalis ([@B1]). While these studies have boosted our comprehension of the timing of genome activation, subsequent waves of zygotic transcription and regionalization of gene expression during gastrulation, many of them fall short on spatial information or face the increasing cellular complexity of the embryo, which makes it difficult to define the full extent of RNA regulation associated with the differentiation of individual tissues. Pluripotent stem cell-derived organoids ([@B6],[@B7]) provide a solution to this problem. In Xenopus, Animal Caps represent a primary organoid culture system with remarkable properties. ACs consist of the central part of the blastocoel roof, explanted from embryos at the mid to late blastula stage, when the explants still consist of uncommitted embryonic cells. Their superficial cell layer forms an epithelium, the attached deep layer cells have a mesenchymal character. In isolation the explants round up into spheroid structures and survive with their maternally provided nutrients until tadpole stages. As shown by numerous studies since the 1980s, growth factors can induce in ACs distinct cell types from all germ layers, as well as the formation of complex organoids ([@B8]). To facilitate homogenous access for growth factor signals, ACs can be dissociated into single cell suspension by removing calcium from saline-based buffers. Adding back calcium leads to reaggregation of cells into spheres, which is necessary for subsequent differentiation. Interestingly, transient dissociation of ACs without exogenous inducing signals is sufficient to neuralize the explants, while intact animal caps form a mucociliary epidermis by default ([@B11]). Neural and non-neural ectoderm in the embryo experience different levels of BMP signalling ([@B12]). Cell dissociation of ACs is thought to disperse intrinsic BMP proteins, which promote the formation of mucociliary epithelia in vertebrates ([@B13]), thereby mimicking neural induction through BMP inhibitors, normally secreted by Spemanns organizer ([@B12]). Despite its similarity to the embryonic epidermis, it is important to note that the mucociliary epithelium produced from ACs is referred to as 'atypical epidermis', because neither its morphogenesis nor the stoichiometry of the different cell types have been quantitatively compared with the embryonic counterpart. Any difference in these aspects could in principle affect gene expression.

The formation of the Xenopus larval epidermis is of biomedical interest, since it represents a mucociliary epithelium similar to the human respiratory tract ([@B14]). It consists of merely five major cell types---goblet cells, representing the outer epithelial layer, with interspersed multiciliated cells (MCC), ionocytes (ICs) and small secretory cells (SSC). The sensorial layer of the epidermis contains a fifth cell type, characterised by expression of *tp63*. While *tp63*-positive basal cells are adult stem cells in the mammalian airway epithelium ([@B18]), the function of this fifth cell type in Xenopus is unclear ([@B13]). The latter four cell types are specified by BMP and Notch signalling in the sensorial layer of the epidermis ([@B13],[@B19]). From neurulation on, MCC, IC and SSC precursor cells intercalate into the outer cell laye ([@B13],[@B20]). Pioneering work in Xenopus has identified key regulatory factors controlling the differentiation of these cell types, but a genome-wide survey of the transcriptional changes accompanying the formation of the larval epidermis is missing up to date. Here we approach this goal by following the differentiation of unmanipulated ACs with deep RNA-Sequencing.

MATERIALS AND METHODS {#SEC2}
=====================

Ethics statement {#SEC2-1}
----------------

Animal work has been conducted in accordance with German Tierschutzgesetz. Production of Xenopus embryos by *in vitro* fertilization has been licensed by the Government of Oberbayern (Projekt/AZ ROB: 55.2.1.54-2532.6-3-11).

Embryos handling and AC preparation {#SEC2-2}
-----------------------------------

Xenopus tropicalis eggs were collected, in vitro fertilized and handled as described by Showell and Conlon ([@B24]). ACs were manually dissected as described for *Xenopus laevis* by Sive *et al.* ([@B25]). Embryos were staged accordingly to Nieuwkoop and Faber ([@B26]). ACs were staged accordingly to sibling embryos. For the library preparation, approximately 30 ACs were collected for each sample, vortexed in TRIzol (Ambion) until complete dissolution and snap-frozen in liquid nitrogen. Each developmental stage is represented by 3 biological replicates. Each biological replicate derives from a different mating pair. For RNA *in situ* hybridization analysis, embryos were anesthesized in 0.05% Tricaine, fixed in MEMFA (0.1 M MOPS 2 mM EGTA 1 mM MgSO~4~ 3.7% Formaldehyde) and stored in ethanol.

RNA *in situ* hybridization and immunocytochemistry {#SEC2-3}
---------------------------------------------------

Antisense RNA probe sequences for analysis of splicing isoforms and repetitive DNA elements were selected from top entries in [Supplementary Tables S5 and S7](#sup1){ref-type="supplementary-material"}. Embryonic RNA from mixed developmental stages (NF10-24) was extracted as described above. Total RNA was then reverse transcribed using SuperScript III (Invitrogen) and random priming. The primers used to amplify the targets present overhang homologies to the pCS2+ vector. Primer sequences are detailed in the Supplementary Data ([Supplementary Table S11](#sup1){ref-type="supplementary-material"}). The resulting amplicons were gel purified and cloned into pCS2+ using the Gibson Assembly Method ([@B27]). Otogelin (otog), ATP6v1e1 and epidermal keratin (xk81a1) plasmids were kindly provided by Drs. Axel Schweickert (Universität Hohenheim) and Edgar Pera (Lund University). The plasmids containing BMP7.2 RNA 13254, BMP7.2 RNA 13257, CPNE1 RNA 0071, CPNE1 RNA 0068, ERV1-4-LTR_Xt, LTRX1-LTR_Xt and Rem2b were linearized using HindIII, Otogelin and XK81A1 with EcoRI, for EVPL X1 we used ClaI, while for XV-ATPase we used SacII. The linearized plasmids were subsequently transcribed overnight using T7 (antisense probe) and Sp6 (sense control) RNA Polymerases (Promega) and cleaned-up with RNeasy Mini-Kit (Qiagen). RNA in situ hybridizations were performed as in Hollemann *et al* ([@B28]). Immunocytochemistry was performed followed the protocol of Sive *et al.* ([@B25]). Monoclonal Anti-Acetylated Tubulin antibody (Sigma-Aldrich, T6793) was used with a dilution of 1:1000. Bleaching of pigment granules was achieved after the AP-staining reaction by incubating the dehydrated embryos in bleaching solution (1% hydrogen peroxide, 5% Formamide, 0.5% SSC) on a visible-light source, followed by re-fixation in MEMFA. Embryos were photographed using a Leica M205FA stereomicroscope. Pictures were obtained as Z-stack acquisitions.

RNA library preparation {#SEC2-4}
-----------------------

Total RNA was extracted from the animal caps using TRIzol (Ambion) and phenol/chloroform extraction. On-column RNA clean-up, including DNA digestion, was performed using RNeasy Mini-Kit (Qiagen). RNA quality was checked on Agilent Bioanalyzer 2100 using Agilent RNA 6000 Pico Kit. Ribosomal RNA was depleted using Ribo-Zero Gold rRNA Removal Kit (Human/Mouse/Rat) from Illumina. The resulting Ribosomal-depleted RNA was cleaned and concentrated using RNA Clean & Concentrator™-5 from Zymo Research. Ribosomal depletion was verified using again the Agilent Bioanalyzer 2100. Libraries were prepared using NEBNext Ultra™ Directional RNA Library Prep Kit for Illumina (New England Biolabs). Indexes and adaptors come from NEBNext Multiplex Oligos for Illumina from primer sets 1 and 2. DNA purification and size selection was performed using Agencourt AMPure XP from Beckman Coulter. Quality and size of the libraries was verified on the Agilent Bioanalyzer using Agilent DNA 1000 Kit.

Detection of circular RNAs {#SEC2-5}
--------------------------

CircRNAs were identified with the method described by Westholm *et al.* ([@B29]). We used diluted RNA-Seq libraries as template for PCR-validation of circRNAs. Outward- and inward-facing Primer sets are listed in [Supplementary Table S11](#sup1){ref-type="supplementary-material"}. The resulting amplicons were visualized using Agilent Bioanalyzer with Agilent DNA 1000 Kit. In order to reach an appropriate length for DNA-sequencing a second PCR with primers containing SP6 promoter and pCS2+ derived backbone DNA sequences was performed for selected candidates. Sequencing of circRNA PCR products was conducted at MWG Eurofins.

RNA-sequencing and data analysis {#SEC2-6}
--------------------------------

Next generation sequencing of AC RNA-derived cDNA libraries (triplicates from three time points) was performed on the Illumina HiSeq4000 platform at BGI (Hong Kong). At least 30 million reads per sample were generated. All sequencing data were aligned to version 9.0 of *X. tropicalis* genome as provided by Xenbase ([@B30]) using STAR algorithm version 2.4.2a ([@B31]). To calculate expression of splicing isoforms we used RSEM version 1.3.0 and NCBI *X. tropicalis* annotation release 103, which relies on genome version 9.1. Expression differences between time points and reference samples were analysed by the DESeq2 package version 1.18 ([@B32]). Analysis of repetitive elements was based on entries in RepBase version 19.10 ([@B33]).

Putative lead transcription factors for epidermal differentiation were assessed by an approach adopted from Rackham *et al.* ([@B34]). To derive rank lists of transcription factors associated with change of transcript abundance in development we analysed RNA-seq results from pairwise comparisons (e.g. NF10 versus NF16) for differential expression by DESeq2. Results were filtered for transcription factors using a list from Blitz *et al.* ([@B35]). For each transcription factor we established a sphere of influence of up to three level depth using inter-gene relation scores based on STRING database version 10.5 ([@B36]). We considered only relations with total scores \>300, where less then half of the value was attributed to text mining. Strength of influence and total score of each factor were calculated using DESeq2 logarithmic fold enrichment and adjusted *P*-values as described by Rackham *et al.* ([@B32]). To visualize results selected transcription factors were plotted together with closest STRING network nodes using cytoscape 3.6 ([@B37]) and stringApp1.2.1.

RESULTS {#SEC3}
=======

Epidermal gene expression profiles {#SEC3-1}
----------------------------------

We explanted the animal caps manually at blastula stage (NF8-9) and extracted RNA for transcriptome analysis at three time-points (Figure [1A](#F1){ref-type="fig"}), representing key events in epidermal differentiation. At early gastrula (NF10.5), AC cells have become committed to the epidermal fate ([@B38],[@B39]). At mid neural fold (NF16), Notch/Delta signalling has specified multiciliated and inocyte cell fates in the deep sensorial layer and precursor cells are intercalating into the superficial layer of the epidermis ([@B15],[@B20]). At the early tailbud stage (NF24), a mucociliary epithelium consisting of actively secreting goblet cells, ionocytes, and functional multiciliated cells (MCC) has formed ([@B17]). A fourth cell type, which secrets serotonin and provides anti-bacterial protection, appears one day later ([@B21],[@B22]).

![Autonomous differentiation of AC explants into a mucociliary epithelium. (**A**) Experimental procedure and timeline. (**B**) Early tailbud embryos and sibling ACs are stained for typical epidermal markers: acetylated-alpha tubulin protein (ICC), and for otogelin, xv-atpase, keratin and tp63 mRNA (RNA in situ hybridisation). ACs show a staining pattern comparable to the embryonic skin.](gky771fig1){#F1}

As shown in Figure [1B](#F1){ref-type="fig"}, acetylated alpha-tubulin protein (MCCs), as well as mRNAs for *otogelin* (goblet and small secretory cells), *atp6v1e1* (ionocytes), keratin *xk81a1* (pan-epidermal) and *tp63* were expressed in similar patterns in embryos and ACs. Moreover, ACs rotated autonomously within the culture dish and displace dye from their surface, both indications for coordinated and directional ciliary beating, similar to embryos (see [Supplementary Data, Movies 1 and 2](#sup1){ref-type="supplementary-material"}). The epidermal character of the ACs was also assessed by looking at non-epidermal genes. The expression of selected pluripotency associated ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}), mesendodermal ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}) and ectodermal genes ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}) was plotted at the three timepoints. In general, we observed a decay in the expression levels of the former two groups, coupled to a strong up-regulation of ectoderm specific transcripts. Overall, these data indicate that our AC explants reliably describe the differentiation of the larval epidermis from germ layer determination to a differentiated epithelium with coordinated cilia movement.

The presence of mesendodermal transcripts in AC RNA samples---although at low abundance---raised the question of contamination. Their declining expression over the timecourse is compatible with the assumption that regulatory genes of non-ectodermal differentiation programs could simply reflect the pluripotent cell state of the tissue at the time of explantation, but it does not resolve the issue. Therefore, we extracted the reads for known pluripotency genes, including a set of genes conserved between mouse, human and *X. laevis* ([@B40]). The majority of these genes (30/39), notably all *oct4*-related *pou5f3* family members as well as *sox2* and *sox3*, were characterized by declining expression over the time course ([Supplementary data, Table S1](#sup1){ref-type="supplementary-material"}). Overall, this data confirms that ACs leave the pluripotent state as expected. However, the manual dissection of embryos inadvertently poses the risk of contaminating the tissue of interest with unwanted cells. Several studies in *X. laevis* have observed this problem, both with ACs and ectodermal explants ([@B41],[@B42]). To obtain a quantitative estimate of such a contamination, we have measured by qRT/PCR the transcript levels of seven structural muscle genes, both in embryos and in the very same AC samples used for the RNA-Seq analysis. The selected genes are expressed at very high levels in Xenopus tropicalis (e.g. actc1: ∼3 × 10^10^ TPE at NF24; Xenbase) and therefore represent sensitive means to evaluate the presence of non-ectodermal mRNAs. Based on calculations of their average expression levels in myocytes (see [Supplementary Data](#sup1){ref-type="supplementary-material"}, section 'Ectodermal purity of RNA-Seq data'), the degree of contamination with muscle-derived mRNAs in our data is around 0.1% and thus negligible.

At least 30 million reads were obtained from each ribo-zero library. Since sequences from the biological replicates cluster strongly (Figures [2D](#F2){ref-type="fig"} and [8](#F8){ref-type="fig"}), they sum up to approximately 100 million reads per developmental stage, providing a rich transcriptome resource for a simple, differentiating Xenopus tissue. At the gastrula stage, 74.92% of the reads mapped to unique gene loci on the *X. tropicalis* genome annotation 9.0. Of the remaining reads, 18.01% were from non-unique loci (mostly rRNA \[13.3%\], while 6.82% were too short to be aligned. Although the current X. tropicalis genome annotation is certainly still incomplete ([@B43]), it matches at least 93% of our reads. For the other stages, 66.19% (NF16) and 65.08% (NF24) of the reads were uniquely mapped. The transcripts were derived from 8525 genes (14932 RNA isoforms) at gastrula, 8403 genes (15 457 RNA isoforms) at neurula, and finally 8138 genes (15 046 RNA isoforms) at tailbud stage. The data does not contain small non-coding RNAs, which have been eliminated during library production (see materials and methods). We used this resource to define changes in gene expression between ACs and whole embryos and between ACs from different stages. While the former comparison describes the extent to which the forming epidermis contributes to the global embryonic transcriptome, the latter provides information on temporal changes in gene expression associated with epidermal cell fate specification and differentiation.

![Comparative transcriptome analysis of epidermal differentiation. (**A**) Gene expression in the AC versus whole embryo at the neurula stage (NF16). Each dot represents a gene. In red, genes that are differentially expressed in a significant manner (*P* \< 0.01), in grey genes with not-significant variation. (**B**) Plotting the extent of differential gene expression in AC. Yellow: total number of genes detected in the RNAseq. Green: genes that are differentially regulated between the given developmental stages (*P* \< 0.01). The maximal number is defined by the annotated gene models present in XenTro9.1. (**C**) Scatter plots detailing the extent and magnitude of differential gene expression between indicated developmental stages (*P* \< 0.01). (**D**) Unsupervised clustering of the differentially expressed genes from the biological replicates with a cutoff of *P* \< 1e--20.](gky771fig2){#F2}

We first compared the transcriptome of neurula stage embryos (NF16) derived from Owens *et al.* ([@B1]) to the transcriptome of our corresponding AC libraries (Figure [2A](#F2){ref-type="fig"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}) and found over 3800 transcripts to be differentially expressed. A bigger variance in mRNA levels was observed for the cohort of genes downregulated in AC versus embryos, compared to genes enriched in the AC (Figure [2A](#F2){ref-type="fig"}). The top one hundred genes upregulated in ACs have an average log~2~ fold-change of 3.68, while the bottom one hundred of downregulated genes have an average log~2~ fold change of --4.97. These findings reflect that epidermal RNAs are present, although diluted, in the whole embryo transcriptome, while transcripts from other tissues and germ layers are absent from ACs. Comparing the AC transcriptomes from different stages (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}; [Supplementary Table S3](#sup1){ref-type="supplementary-material"}), we deduced that the majority of gene expression changes are already happening between NF10.5 and NF16. In fact, more than half of the annotated transcriptome is differentially regulated between these two developmental stages, while only a minor portion of mRNAs are regulated between NF16 and NF24. In all cases, datasets from biological replicates grouped together (Figures [2D](#F2){ref-type="fig"} and [8](#F8){ref-type="fig"}), confirming the robustness of these conclusions.

While finalising this manuscript, a detailed catalogue of *X. tropicalis* cell states has become available from single cell RNA-Sequencing ([@B43]). We have compared our data to the potential fate regulators and marker genes for epidermal cell types reported by Briggs and colleagues. For this purpose we filtered our RNA data first for transcripts enriched in ACs over embryos at NF16, and secondly, for being differentially expressed during the timecourse. Our analysis discovers 98.8% of both potential fate regulators (160/162 genes, [Supplementary Table S4](#sup1){ref-type="supplementary-material"}/section 'Briggs 1') and epidermal cell type specific markers (418/423 genes; section 'Briggs 2') that were predicted from single cell transcriptomes. Among these genes, 18 did not fluctuate over time, and only seven are not expressed in animal caps, representing potential false positives (section 'Not expressed/not modulated'). Overall, our data independently validates the epidermal signature predicted by Briggs *et al.*, which represents some 7% of the total genes expressed in the epidermal data set presented here.

We also included a core set of over 800 genes from *X. laevis* ACs, which have been linked to MCC differentiation by gain and loss of function approaches ([@B41]). This gene set is derived from experimentally maximized differences in mRNA abundance targetting MCC differentiation in ACs, while our analysis detects natural fluctuations of mRNA abundance for all epidermal cell types. Despite this methodological difference, we retrieve 68% (552/813 genes) of the core multiciliogenic genes as being positively regulated during differentiation. An additional 135 genes from the core MCC markers are either not expressed in ACs, do not fluctuate or become downregulated in our timecourse ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}, section 'Quigley'). These findings support the notion that isolated AC tissue recapitulates robustly the differentiation process of non-neural ectoderm. The inherent spatial information provided by the isolated organoid culture, simultanous RNA monitoring for all epidermal cell types under unmanipulated conditions, and the analysis of specialized RNA features, outlined below, distinguish our study from published reports and extend our knowledge about the transcriptional program of epidermal differentiation in Xenopus.

Alternative splicing shapes the epidermal transcriptome {#SEC3-2}
-------------------------------------------------------

The current *X. tropicalis* annotation release 103 documents more than 46 000 transcripts with a mean of 1.83 transcripts per gene ([@B30]). This raised the issue, whether and to what extent the overall splicing of the transcriptome varies, both in the course of epidermal differentiation, and between the epidermis and the whole embryo (Figure [3](#F3){ref-type="fig"}). To address this question we used RSEM to map the reads of our libraries to known annotated splice junctions. At neurula stage, approximately 3200 splicing isoforms were differentially expressed between AC and embryo. Over 65% of these isoforms were up-regulated in prospective skin with a threshold of *P* \< 0.01 (Figure [3](#F3){ref-type="fig"} A; [Supplementary Table S5](#sup1){ref-type="supplementary-material"}). When comparing the different AC datasets with each other we observed an even higher variety in exon usage. In fact, the abundance of over 12 600 splicing isoforms (i.e. more than a quarter of all currently annotated splice variants) is modulated between gastrula and tailbud stages (Figure [3B](#F3){ref-type="fig"}; [Supplementary Table S6](#sup1){ref-type="supplementary-material"}, section 10vs24). The majority of the quantitative changes are happening again between stages NF10.5 and NF16, with 11054 splicing variants being differentially regulated (*P* \< 0.01). Differences between stages NF16 and NF24 are smaller (2439 isoforms; Figure [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}), consistent with our findings for gene expression in general (see Figure [2C](#F2){ref-type="fig"}, [D](#F2){ref-type="fig"}).

![Epidermis-specific splicing isoforms. (**A**) Expression of splicing isoforms in the AC vs whole embryo at the neurula stage (NF16). Each dot represents an annotated splicing isoform. In red, splice isoforms that are differentially expressed in a significant manner (*P* \< 0.01), in grey transcripts with not-significant variation. (**B**) Plotting the extent of differentially expressed splice isoforms in AC. Green: isoforms that are differentially regulated between the given developmental stages (*P* \< 0.01). Yellow: the maximal number is defined by the annotated transcript models present in NCBI *Xenopus tropicalis* annotation release 103. (**C**) Scatter plots detailing the extent and magnitude of differential splice isoform expression between indicated developmental stages (*P* \< 0.01). D) Unsupervised clustering of the differentially expressed splicing isoforms from the biological replicates with a cutoff of *P* \< 1e--20.](gky771fig3){#F3}

Transcript isoforms have also been detected in previous reports for *X. tropicalis* embryos ([@B1]), however, our dataset provides for the first time spatial information. To validate the significance of the observed splicing diversity, we looked for genes with at least two annotated splicing variants, whose expression varies strongly between AC (this study) and embryo (NF16-sample from ([@B1])) and are represented by at least one thousand reads in our libraries ([Supplementary Table S7](#sup1){ref-type="supplementary-material"}). We selected three candidates with those properties. The *evpl* gene, encoding the desmosome component Envoplakin, has a skin specific exon that is not expressed in the embryo, but all other exons are ubiquitous; the bone morphogenetic protein *bmp7.2* gene has four splicing isoforms, of which only 1 (*bmp7.2* RNA13257) is expressed in the AC, while the others are expressed in the embryo; finally, the *cpne1* gene, coding for the Ca-dependent phospholipid binding protein Copine 1, has six splicing isoforms, whose ratios change dramatically during AC differentiation (Figure [4A](#F4){ref-type="fig"}). We then synthesized antisense probes from unique exons and performed RNA *in situ* hybridisations on ACs and embryos in parallel (Figure [4B](#F4){ref-type="fig"}). Confirming the predicted tissue-specific expression of mRNA splice variants, AC-specific probes gave staining on the ACs explants and on the epidermis of the embryos, while embryo-specific probes did not stain the ACs.

![Spatial expression patterns of embryonic and epidermal RNA splicing isoforms. (**A**) Representations of the variety of splicing isoforms expressed in the ACs or in whole embryo for the indicated genes. (**B**) RNA *in situ* hybridizations for age-matched embryos and ACs at indicated stages, hybridized either with the skin specific splicing isoform probes (CPNE1 RNA0071, BMP7.2 RNA13257 and EVPL X1) or with the embryo-specific isoform probes (CPNE1 RNA0068, BMP7.2 RNA13254). Genes were picked from [Supplementary Table S7](#sup1){ref-type="supplementary-material"}; bmp7.2 is not on the list, since ACs and embryo share the same prevalent isoform. It was nevertheless chosen because of the importance of BMP signaling in ectodermal cell fate choice. Inserts show embryos hemisectioned prior to hybridization. Staining reactions have been conducted in parallel for each row.](gky771fig4){#F4}

These results demonstrate that our AC database allows to deduce splice variants with a unique tissue-specific expression pattern. In fact, our findings suggest alternative splicing as a major regulatory mechanism in epidermal differentiation. Unfortunately, the current Xenopus protein annotation is not qualified to investigate systematically to which extent alternative splicing affects the protein coding capacity of the epidermal mRNA pool. For proof of principle, we have investigated four regulatory genes (*tp63, mcidas, grhl1* and *rfx2*) that have important functions in epidermal differentiation and come in multiple splicing variants. In each case, the observed splicing events affect the open reading frame of the mRNAs, although functional consequences are unknown ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Specifically, they predict five different TP63 protein variants, all due to C-terminal splicing events. Since the current *tp63* gene model misses promoter 1-derived transcripts, all identified mRNAs encode apparently δNp63 protein isoforms. For *mcidas*, we detected a new N-terminal domain, derived from a second start codon defining a unique aminoterminal peptide. The different grhl1 RNA isoforms seem to be produced by exon skipping. In the case of *rfx2* the transcript alignment suggests an exon-skipping for the Refseq transcript that removes 30 amino acid residues from an aminoterminal domain, which is present in two additional mRNAs ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). This region shares similarity with the transactivation domain of human RFX1, suggesting that the two Rfx2 protein isoforms are functionally different. The abundance of alternatively spliced transcripts associated with the isolated ectoderm organoids make this dataset a promising starting point to search for novel splice variants.

To make this information available to the research community, we have generated an online Web Tool 'skin differentiation' (URL address provided below), where users can monitor expression levels of genes and splicing isoforms in ACs at the three developmental stages. Transcript abundance is expressed as fragments per Kilobase of transcript per Million mapped reads (FPKM). By typing in the name of a gene of interest, the tool retrieves all its annotated splicing variants, their relative expression in ACs at individual time-points, and their NCBI identifier.

Transcripts from repetitive DNA elements {#SEC3-3}
----------------------------------------

For long times, repetitive DNA elements (REs) have been called *junk DNA* and their expression has been considered deleterious as provoking mutagenic insertional events ([@B44],[@B45]). In recent times, several authors have proposed a functional role for transposable elements during embryogenesis ([@B46]). Host genes may be regulated by REs via readthru-transcription initiated at RE promoters, transactivation of genes by RE enhancers, and influences arising from epigenetic mechanisms targetted to REs in gene vicinity. Exploring the tissue-specific expression of such elements is therefore important to better understand genome activation and regulation during embryogenesis. Like in other vertebrates, the *X. tropicalis* genome contains up to 50% of REs ([@B49]). A small proportion of REs have retained transcriptional activity and are expressed in the wake of zygotic genome activation at the midblastula transition ([@B49],[@B52]). Currently, 724 different REs have been annotated from *X. tropicalis* on RepBase ([@B33]). Since REs are suspected to impact gene expression during development, we characterized their expression profile. We first compared RE expression at gastrula stage between our ACs and the corresponding embryo dataset, derived from Owens *et al* ([@B1]). Nearly one fifth (137/724) of the known REs are differentially expressed in these two samples (*P* \< 0.01; see Figure [5A](#F5){ref-type="fig"}, [Supplementary Table S8](#sup1){ref-type="supplementary-material"}). If one compares AC transcriptomes with each other, the variation in expression levels was even higher between stages NF10.5 and NF24 (261 REs, i.e. 36%; *P* \< 0.01). On the other hand, little or no difference in RE transcript levels was observed between NF16 and NF24 (Figure [5](#F5){ref-type="fig"}, B-D; [Supplementary Table S9](#sup1){ref-type="supplementary-material"}). Overall these results are in agreement with the reported global silencing of RE transcription during gastrulation ([@B52]).

![Transcripts from repetitive DNA elements during epidermal differentiation. ( **A**) Expression of RE transcripts in the AC vs whole embryo at the gastrula stage (NF10.5). Each dot represents an annotated RE transcript. RE RNAs that are differentially expressed in a significant manner (*P* \< 0.01) are shown in red, while transcripts with not-significant variation are shown in gray. (**B**) Plotting the extent of differentially expressed RE-derived transcripts in AC. Green: differentially regulated RE RNAs between the given developmental stages (*P* \< 0.01). Yellow: the maximal number defined by REPBASE 19.10. (**C**) Scatter plots detailing the extent and magnitude of differential RE expression between indicated developmental stages (*P* \< 0.01). D) Unsupervised clustering of the differentially expressed RE transcripts from the biological replicates with a cutoff of *P* \< 1e--20.](gky771fig5){#F5}

In order to expand this information, we decided to concentrate our attention on specific REs, which reveal large expression changes between gastrula and tailbud stages and are represented by at least 10K reads in the RNA-Seq libraries. To this point, we have selected 3 different kinds of elements for further analysis: ERV1-4-LTR_Xt, an endogenous retrovirus; LTRX1-LTR_Xt, a LTR retrotransposon; and REM2B transcripts, derived from centromeric repeats. We cloned these transcripts by RT/PCR to produce probes for RNA in situ hybridisation analysis (Figure [6](#F6){ref-type="fig"}). At the gastrula stage, the three REs were transcribed in both embryos and ACs, predominantly in a unidirectional manner. Hybridisations performed on halved embryos identified spatial differences in expression. Rem2B transcripts were uniformly expressed in the animal and equatorial region of the embryo, except for the outermost cell layer and the vegetal pole area. LTRX1 transcripts were abundant in deep cell layers of the equatorial region, representing the mesoderm, as well as in a punctated fashion in superficial ectodermal cells. Finally, ERV1-4-LTR_Xt transcripts were broadly expressed throughout the embryo, but always in a punctated manner. By the tailbud stage, RE transcripts have largely disappeared from both embryos and ACs, except for Rem2B, which is expressed at reduced levels in the embryonic CNS and tailbud tissues.

![Region and stage-specific expression of repetitive DNA elements via RNA *in situ* hybridisation analysis of ERV1_4-LTR, LTRX1_LTR_Xt and Rem2b. Pictures display results from sense and antisense probe hybridisations performed and stained in parallel. Pictures of NF10.5 embryos represent sagittal sections; inserts show whole mount view of the animal hemisphere.](gky771fig6){#F6}

While the underlying mechanisms dictating these expression patterns remain unclear, our results indicate that RE subclasses are subject to specific transcriptional regulation, compatible with the emerging view of a developmental role for repetitive DNA elements.

Circular RNAs {#SEC3-4}
-------------

CircRNAs are covalently closed RNA molecules that originate via back splicing events ([@B53],[@B54]). This class of transcripts was for long considered as products of erroneous splicing ([@B55],[@B56]), but in recent years new functions have been proposed. CircRNAs seem to act as miRNA sponges, to interact with the POL II machinery, and to induce alternative splicing events ([@B57]). Recently it has been shown that the cytoplasm of Xenopus oocytes contains hundreds of circRNAs originating mainly from intronic sequences ([@B58]). Thus, we wondered, whether their expression is developmentally regulated.

In order to identify circRNAs in our dataset we used the method described by Westholm *et al* ([@B29]). Only reads overlapping with the circular junction can be unambiguously attributed to a circRNA. For example, in the second biological replicate of NF16 ACs, we have identified 4770 circular junctions. Approximately 382 of them are flanked by a GT-AG splicing site and 314 align to genome annotation 9.0 (Figure [7A](#F7){ref-type="fig"}). With this method we have been able to identify ∼250 circRNAs per developmental stage (Figure [7B](#F7){ref-type="fig"}), the majority of which being represented by few reads only, while the top abundant ones are represented by low double-digit numbers of reads per library ([Supplementary Table S10](#sup1){ref-type="supplementary-material"}). Remarkably, some circRNAs are expressed in all three biological replicates of one developmental stage, while others accumulate constantly throughout epidermal differentiation (Figure [7C](#F7){ref-type="fig"}). Such circRNAs may be produced in a stage- or cell state-dependent manner. To validate the existence of circRNAs, we performed end-point RT-PCR analysis for three of them (circ6, circ27 and circ1, highlighted in [Supplementary Table S10](#sup1){ref-type="supplementary-material"}) using two pairs of primers: one pair spanning the circular junction and the second pair amplifying DNA in inverse orientation. As predicted for circRNAs, the first primer pairs gave amplicons of the expected size (Figure [7D](#F7){ref-type="fig"}), while the second primer pairs resulted in longer amplicons. The predicted products spanning the circular junctions were then confirmed by sequencing. This first identification of circRNAs in a Xenopus embryonic tissue should aid future functional studies.

![Analysis of circular RNAs. (**A**) Graphical representation of the filtered circular junctions from one single NF16 AC biological sample. (**B**) Total number of circRNAs detected in each developmental stage, error bars represent standard deviation. (**C**) Three examples of circRNAs that accumulate during the developmental timecourse. (**D**) Bioanalyzer gel of specific PCR-amplified circRNAs (highlighted in [Supplementary Table S8](#sup1){ref-type="supplementary-material"}). Each element has been amplified with a specific pair of primers, resulting in the predicted amplicon size (circ1 = 188bp, circ6 = 100bp and circ27 = 93bp) and a control reverse-complement primer pair, labelled as 'cont', which is expected to produce larger or multiple amplicons.](gky771fig7){#F7}

Guiding principles in epidermal differentiation {#SEC3-5}
-----------------------------------------------

Our AC RNA-Seq database provides rich information about Xenopus epidermal differentiation. Can we derive predictive information from this database? As a first step towards this goal, we carried out separate principal component analyses for gene expression, splicing isoforms and RE transcripts at the three investigated time points, selecting the two principal components that accommodate the majority of the observed variance for each transcript class (Figure [8](#F8){ref-type="fig"}). The PCA on gene expression is capable of resolving all three time points. The different biological replicates of a given developmental stage cluster together. The PCA for splicing isoforms and RE transcripts can only distinguish the gastrula timepoint from the older samples, but does not fully resolve neurula (NF16) and tailbud (NF24) stages. The obtained RNA-Seq data on gene expression is therefore a reliable resource to investigate stage-specific processes of mucociliary differentiation in Xenopus.

![Prognostic value of AC transcriptomes. Principal component analysis of the AC samples for transcript classes indicated on top. Each dot represents a single biological replicate, each color represents a stage. On the X and Y-axis are plotted the first and second principal components. NF10.5 separates always very well from the other two stages. The transcriptomes of NF16 and 24 can be resolved mainly by gene expression and to less extent by RNA splicing.](gky771fig8){#F8}

In addition, we made use of the Mogrify algorithm that has been developed to predict candidates for direct reprogramming of human cell types ([@B34]). In our case, the algorithm takes into account the known interaction network of single transcription factors (TF) as derived from the STRING database ([@B59]) and pairs this information with their expression dynamics in Xenopus ACs between two developmental timepoints. By this approach, we evaluate the importance of transcription factors as potential regulators of the observed transcriptional changes. The algorithm ranks TFs based on the measured degree of change of their sphere of influence as described in materials and methods. For each pairwise comparison, the method generates two lists of TFs predicted to control the transcriptome of the earlier (neg_rank list) or the later stage (pos_rank list), respectively ([Supplementary Table S11](#sup1){ref-type="supplementary-material"}). From the group of confirmed epidermal TFs, this method predicts regulatory roles for E2F4/5 and KLF17 from the gastrula timepoint on, followed at the neurula stage by tp63, gata2, grhl1/3 and members of the Fox (foxj1/1.2, foxi1, foxa1, foxn4) and Rfx (rfx1, -2, -3) protein families, compatible with other reports ([@B41],[@B43],[@B60]).

The additional TFs in these rank lists represent potentially novel regulators of stage-specific events in mucociliary epithelium differentiation. To illustrate relations among listed TF candidates, we have compared gastrula and tailbud AC transcriptomes and plotted the results for the top groups from the corresponding pos_rank and neg_rank lists ([Supplementary Table S11](#sup1){ref-type="supplementary-material"}, section '10vs24'). This deliberate choice to compare the youngest with the oldest of our samples should increase the chance of identifying novel regulatory candidates, since expression of known epidermal TFs peak at neurula. Based on the functional annotation of TFs provided by the GeneCards database ([@B61]), the predicted TF networks can be functionally interpreted in terms of stage-specific regulatory signatures. As shown in Figure [9A](#F9){ref-type="fig"}, the early gastrula stage transcriptome is predicted to be under control of TFs known to affect ES cell differentiation (SALL1, ZNF281), cell fate selection (FoxR1), epithelial differentiation (KLF17) and cell proliferation/cell survival (ZFAT, DMTF1, E2F4, TERF1, PMS1). Moreover, SIM1 and several members of the ZIC protein family (i.e. Zic1, -3, and -4) define sub-hubs within the predicted TF network, which may reflect the known neural differentiation bias of blastula ACs within their prospective dorsal halves ([@B62]). Indeed, early vertebrate ectoderm is prone to neuralization ([@B11]), and this bias is suppressed in Xenopus ACs by intrinsic BMP signalling ([@B13]). All these early factors are absent from the predicted TF network controlling the tailbud epidermis (Figure [9B](#F9){ref-type="fig"}; [Supplementary Table S9](#sup1){ref-type="supplementary-material"}, pos_rank list). Here, the algorithm selects several TFs, which have not been recognized before as epidermal regulators in *Xenopus* ([@B41]). Two of them are connected to epidermal differentiation only by expression (ELF1, KLF3; this paper and ([@B28])), but also the broadly expressed proto-oncogene c-fos belongs to this group. Unexpectedly, some of the predicted TF candidates have been connected to gene regulation in lymphoid cells (IKZF2, ZBTB1, KLF13; ([@B61]). This may indicate that epidermal and lymphoid cells share some cellular or metabolic functions. Further experiments are needed to investigate the roles of these candidates.

![Transcription factor networks for the comparison of NF10.5 vs NF24 based on Mogrify. The top 15 TFs from each list ([Supplementary Table S10](#sup1){ref-type="supplementary-material"}) have been plotted for comparison. Each TF coming from our dataset appears in a coloured circle. The algorithm assembles hubs connecting all the factors using interactions deposited in the STRING database (in gray). The thickness of connecting lines is indicative of the strength of the known interaction. (**A**) Hubs derived from neg_rank list, naming factors specific for gastrula stage (NF10.5). (**B**) Hubs derived from pos_rank list, naming factors specific for tailbud stage (NF24).](gky771fig9){#F9}

DISCUSSION {#SEC4}
==========

The intrinsic capacity of naÏve Xenopus AC explants to differentiate into ciliated epidermis ([@B8],[@B9],[@B11]) offers a remarkably simple and accessible system to investigate the transcriptional program unfolding in the process of mucociliary epithelium formation. The three investigated time-points cover major transitions in epidermal differentiation, including ectodermal committment, specification of deep cell layer-derived precursor cells, and differentiation into goblet, ionocyte and MCC cell types. SSCs, a third cell type derived from deep cells, appear on the surface with one day delay, compared to ionocytes and MCCs ([@B21],[@B22]). While our data set will miss genes being activated late in SSCs (i.e. after stage NF24), it does contain transcripts from known SSC-specific genes such as foxa1, itpkb and ddc (see [Supplementary Table S3](#sup1){ref-type="supplementary-material"}; Web-Tool 'Skin differentiation'). With regard to single cell-transcriptome derived SSC markers ([@B38]), we find 38/38 genes in ACs ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}, sections Briggs 1 and 2). This confirms the observation by Briggs and colleagues that the different ectodermal cell types appear and can be distinguished earlier than previously anticipated ([@B43]). In total, our data contains information for the five major cell types, from which the Xenopus larval skin is built from. This data may also be helpful to compare and filter gene expression profiles for other tissues and organs derived from growth factor-induced AC organoid-cultures ([@B8]).

Recently, the spatial and temporal transcriptomes of distinct ectodermal domains have been assessed by microdissection of *X. laevis* embryos in the course of neurulation (stages NF12.5 and NF14; ([@B42]). This so-called EctoMap has generated a molecular atlas, filtering gene signatures for five ectodermal domains. While concentrating mainly on the spatial analysis of neural, neural crest and placodal domains, an RNA signature is reported also for non-neural ectoderm. This signature consists of some 50 genes, all except three (htr7, casd1, sidt1) we find to be expressed in neurula-stage ACs (see online Web Tool 'skin differentiation'). This overlap in gene expression between cultured explants and freshly microdissected ectoderm suggests that most genes involved in epidermal differentiation are autonomously transcribed in ACs, although we cannot exclude that a few genes require signals from neigbhoring embryonic regions.

In comparison to the existing databases, our study includes both earlier (NF10.5) and later (NF24) timepoints and details both the differential expression of over 3800 genes between AC and embryos, as well as their stage-specific regulation in epidermis. With over 8000 genes and 15 000 splice isoforms identified in total, it exceeds the number of epidermal genes from single cell transcriptomic analysis by more than a factor of 15. This suggests ample room for future discoveries, specifically for genes with modulated expression and/or complex activities. Notably, it reveals for the first time the extent of tissue-specific alternative mRNA splicing during vertebrate tissue differentiation. In addition, we have investigated the temporal and spatial expression of repetitive DNA elements and described a compendium of epidermal circRNAs derived from exonic sequences. Therefore, the AC transcriptome reported here extends significantly our knowledge about the genetic basis underlying formation of a mucociliary epithelium in Xenopus, and provides a complementary dataset to single-cell analysis of the murine airway epithelium ([@B63]).

Principal component analysis of differentially expressed genes completely separated the three time points, while clustering the biological replicates. This indicates that the pattern of gene expression is predictive of the AC developmental age. In general, the majority of transcriptional changes happen between gastrula (NF10.5) and neurula (NF16) stages, which capture the transition from ectoderm committment to epidermal cell fate specification. Consistently, ACs initially express TFs that regulate pluripotency (Pou5f3 members, Sox2/3, Eomes), panectodermal (e.g. Zic1, Zic3, Hes7.1) and mesendodermal specification (Sox17b, Cdx1). As these latter RNAs disppear from the transcriptome of older ACs, they probably constitute remnants of the blastula pluripotent state. In contrast, the neurula stage transcriptome is enriched for TFs involved in the specification of the various skin cell types (tp63, foxj1, foxi1, foxa1, klf17 and grhl3). Unexpectedly, the pos_rank lists from the comparisons between gastrula and neurula against the tailbud transcriptome suggest strong contributions from Fos and Rel/NF-KB protein families during differentiation of the larval skin. This is reminiscent of results from Rackham and colleagues, who identified Fos and Rel as two of five TFs required to transdifferentiate human fibroblasts into keratinocytes ([@B34]). The other three TFs predicted to help in keratinocyte transdifferentiation, i.e. Foxq1, Sox9, Mafb, are also expressed in ACs (see online Web Tool 'skin differentiation'). Although these findings are speculative at the moment, they may promote interest in searches for novel TFs involved in epidermal gene networks by the method applied here.

In the course of this analysis, we have become aware of reads, which map to protein coding genes, but represent alternative splice junctions. A systematic search for such reads revealed that almost a quarter of all annotated Xenopus splice variants are differentially expressed in differentiating ACs. This may have important implications both for embryonic development and experimentation. Many genes that have been deeply studied for their function in the skin are expressed in the ACs as multiple splicing isoforms, potentially broadening their functional repertoire. This may also affect gene expression analysis by RNA in situ hybridisation or real time PCR. Although the current annotation of Xenopus protein variants has not allowed to investigate this insight globally, we have demonstrated that some epidermal splice variants change the protein capacity of important regulatory mRNAs. Furthermore, about 80 genes produce mRNA variants that are expressed in ACs and embryos in mutually exclusive manners. Some gene functions could rely on tissue-specific protein variants from alternatively spliced mRNAs. In non-mammalian vertebrate models, gene functions are frequently assessed through targetted protein knockdown by Morpholino oligonucleotides, for which rescue experiments are recommended to exclude OFF-target effects. The outcome of gain-of-function experiments could also be affected, when in specific tissues non-native cDNA variants are expressed. We noticed that Refseq cDNAs may not represent the major tissue-specific mRNA for a gene. For instance, Refseq mRNAs for δNtp63 constitute only about 25% of their total reads at NF16 (see online Web Tool 'skin differentiation'). The grhl1 Refseq mRNA is basically not expressed in ACs. These cases illustrate that it will be helpful to define the predominant splice isoforms for functional analysis.

Another intriguing result has to do with the expression of repetitive DNA sequences, in particular from transposable elements. Data from mice and humans have indicated that RE expression in normal cells is restricted to an early developmental period ([@B10]). In Xenopus, this lasts from zygotic genome activation at MBT through gastrula stages, when most transcribed REs have become silenced ([@B52]). Here we provide for the first time evidence for additional spatial regulation of RE transcription. In fact, over 100 RE-derived transcripts are differentially expressed between ACs and embryos. Specifically, RNA in situ hybridisation has revealed an unexpected regionalization in the expression of some of these elements in the early-gastrula embryo. The most striking example is presented by the endogenous retrovirus ERV1-4LTR-X, which is expressed in a salt-and-pepper pattern distributed throughout the embryo. Together, these findings strongly argue for region- and possibly cell type- or cell cycle-specific regulatory mechanisms, which impact RE transcription. Our data also suggest that the production of circular RNAs might be developmentally regulated. In Xenopus, circRNAs derived from intronic sequences, were first described in the oocyte nucleus and cytoplasm. These maternal lariat RNAs are known to persist up to blastula stages and have been proposed to play a role in mRNA translation ([@B58]). A recent study shows that circRNA synthesis in Xenopus testis is affected by Atrazine, a potent endocrine disruptor responsible for developmental anomalies ([@B64]). Our finding that validated circRNAs accumulate in the course of AC differentiation is indicative of their *de novo* production. The newly discovered zygotic circRNAs should be helpful for functional investigation of this unusual RNA class in future.

In summary, this study has revealed an extraordinary RNA complexity associated with the formation of the mucociliary epithelium represented by the Xenopus larval skin. This compendium will be helpful for future delineation of individual cell type-specific transcriptomes, identification of conserved genetic pathways, and the elucidation of the functional impact of alternative splicing for vertebrate differentiation.
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